The neuronal ceroid lipofuscinoses, collectively referred to as Batten disease, make up a group of inherited childhood disorders that result in blindness, motor and cognitive regression, brain atrophy, and seizures, ultimately leading to premature death. So far more than 10 genes have been implicated in different forms of the neuronal ceroid lipofuscinoses. Most related research has involved mouse models, but several naturally occurring large animal models have recently been discovered. In this review, we discuss the different large animal models and their significance in Batten disease research.
Neuronal ceroid lipofuscinosis (NCL), also known as Batten disease, is a neurodegenerative disease characterized by lysosomal accumulation of autofluorescent storage material in all tissues. 1 Until recently, 10 different genes that cause various forms of neuronal ceroid lipofuscinosis have been identified. Recently, genes associated with and existing variants have been discovered (Table 1 ). 2 The incidence of neuronal ceroid lipofuscinosis worldwide is 1 to 8 in 100 000 live births, with the juvenile form being the most common. 1 Currently there is no known cure, and treatments are limited to palliative care.
Much of the work in the field of neuronal ceroid lipofuscinosis is centered on the use of murine models. These murine models have been immensely useful in studying the disease development and the function of the neuronal ceroid lipofuscinosiscausing genes, leading to major advancements. Although murine models have significantly advanced our knowledge of neuronal ceroid lipofuscinosis, they do not completely recapitulate the human disease pathology. [3] [4] [5] Neurodegeneration between human and murine models is not always directly comparable because of the pathophysiological differences in the murine model's lissencephalic brain. The limitations of the inability to completely replicate the disease phenotype can hinder development of therapeutic interventions. Advancements made in neuronal ceroid lipofuscinosis murine models cannot always directly translate to humans. Incidentally, there have been a number of naturally occurring large animals displaying neuronal ceroid lipofuscinosis pathology, such as dogs, sheep, and cattle. The study of large animal models has proved useful because of the close mimicry of disease pathology as well as similarities to human anatomy and physiology. 3, 4 The large animal models have displayed similar phenotypic features to that of human neuronal ceroid lipofuscinosis. The longer life span of large animal models to that of murine models also proves beneficial to long-term evaluations of disease pathology and treatments.
Three forms of neuronal ceroid lipofuscinosis have been linked to genetic mutations affecting proteins with known enzymatic function: palmitoyl protein thioesterase 1, tripeptidyl peptidase 1, and cathepsin D. 1 The functions of the remaining neuronal ceroid lipofuscinosis proteins have yet to be fully understood. The 3 major subtypes of neuronal ceroid lipofuscinosis are infantile, late-infantile, and juvenile, with juvenile having the greatest prevalence. 1, 6 Symptoms of all subtypes include loss of vision, physical delays, loss of motor coordination, cognitive deterioration, and seizures.
Neuronal ceroid lipofuscinosis has been found in many animal species; however, only a few have provided useful models. 4 Canine neuronal ceroid lipofuscinosis is the most researched of the large animal models, with the most established model being the English setter. 7, 8 English Setter -Cln8
Neuronal ceroid lipofuscinosis in the English setter was first described in the 1950s. 7 Affected dogs appear normal at birth and do not exhibit symptoms until 1 to 2 years of age. Affected dogs display rapid decline and die at approximately 2 years of age. Symptoms in the English setter include visual deterioration, cognitive impairment, motor decline, and seizures. The seizures tend to be the cause of death, as they become intractable in the end stage of the disease.
Because of the similar pathological, biochemical, and clinical feature of neuronal ceroid lipofuscinosis in the English setter, the breed was thought to be a good model for human juvenile neuronal ceroid lipofuscinosis. 9 After the exclusion of Cln2 and Cln3 by Katz and colleagues 7 and Shibuya and colleagues, 9 respectively, Lignaas and colleagues 8 were able to determine that mutations of Cln8 caused English setter neuronal ceroid lipofuscinosis.
Border Collie -Cln5
The age of onset and severity of symptoms seen in Border collie neuronal ceroid lipofuscinosis varies greatly between individual dogs. Owners tend to observe symptoms as early as 15 months of age, and dogs typically die no later than 28 months of age. 10 Owners report agitation, hallucinations, aggressive behavior, seizures, and hyperactivity. Loss of coordination is shown through incontinence, ataxia, and dysphagia.
Vision impairment is seen in most cases, with lipopigment accumulation in retinal tissues.
Melville and colleagues 10 were able to identify a C>T polymorphism leading to a premature stop codon in the coding region of the Cln5 gene as the cause of Border collie neuronal ceroid lipofuscinosis.
American Bulldog -Cathepsin D
Neuronal ceroid lipofuscinosis was first described in the American bulldog by Evans and colleagues 11 in 2005. The onset of neuronal ceroid lipofuscinosis is generally seen around 2 years of age, with death occurring as late as 7 years because of slow progression of the disease. Loss of motor coordination is the most obvious symptom generally displayed through ataxia, hypermetria, and a wide-base stance. Accumulation of storage material is found in the ganglion cells of the retina; however, there have been no reports of vision changes. Autofluorescent material is present in the cerebral cortex and cerebellum.
In 2005, Awano and colleagues 12 determined the cause of neuronal ceroid lipofuscinosis in the American bulldog to be a missense mutation in cathepsin D.
American Staffordshire Terriers -Arylsulfatase G
A severe cerebellar cortical abiotrophic disease was identified as the cause of ataxia in adult American Staffordshire terriers and the disease was later found to be neuronal ceroid lipo-fuscinosis. 13, 14 Progressive ataxia is the most obvious symptom, with initial disease onset occurring around 3 years to 5 years of age. Visual impairments are not reported and upon examination there is an absence of lipofuscin in the retina. Affected dogs exhibit cerebellar atrophy, loss of Purkinje cells, and accumulation of ceroid lipofuscin in several areas of the brain. In 2009, Abitbol and colleagues 13 were able to identify an arylsulfatase G mutation as the cause of American Staffordshire terrier neuronal ceroid lipofuscinosis.
Tibetan Terrier -ATP13A2
Farias and colleagues 15 and Wöhlke and colleagues 16 determined the cause of Tibetan terrier neuronal ceroid lipofuscinosis to be a mutation causing a truncation of the ATP13A2 gene. The onset of symptoms begin with mild neurodegeneration between 4 years and 6 years of age. As the disease progresses, behavioral symptoms develop, such as aggression, anxiety, and nervousness. Other symptoms include ataxia, cognitive deterioration, seizures, and visual impairment. Massive accumulation of autofluorescent storage material is seen in the cortex, cerebellum, and retina. 15, 16 Dachshund -Tpp1 and Ppt1
The first cases of suspected neuronal ceroid lipofuscinosis in the dachshund were described in 1977 and 1980 in wirehaired and long-haired varieties, respectively. 17, 18 The age of onset and clinical signs differed between the 2 cases, suggesting that in the dachshund, the disease results from different mutations. Neuronal ceroid lipofuscinosis was described in 2 juvenile dachshund siblings by Awano and colleagues 19 in 2006. Affected dogs begin to display symptoms at 9 months of age, with rapid progression and death around 12 months of age. Symptoms include vomiting, mental dullness, ataxia, myoclonus, seizures, and loss of vision. Cognitive impairment is also noted by unresponsiveness to previously learned commands. Behavioral changes develop near the end stage of the disease, including hyperactivity, aggression, and repetitive circling. Autofluorescent storage material is present in the central nervous system.
Awano and colleagues 19 identified a single base-pair deletion leading to a premature stop codon in Tpp1, which was shown to be one cause of neuronal ceroid lipofuscinosis in the dachshund. Sanders and colleagues 20 described neuronal ceroid lipofuscinosis in a 9-month-old miniature dachshund in 2010. The affected dog displayed symptoms such as ataxia, weakness, visual impairment, and behavioral changes, as well as the presence of autofluorescent storage material in the retina and cerebral cortex. Brain tissue showed a significant lack of palmitoyl-protein thioesterase 1 activity. An insertion mutation leading to premature stop codon in Ppt1 was linked to the disease phenotype.
Recently, enzyme-replacement therapy has shown promise in a dachshund model for neuronal ceroid lipofuscinosis. Vuillemenot and colleagues 21 performed intrathecal TPP1 enzyme replacement in a neuronal ceroid lipofuscinosis-affected dachshund, elevating TPP1 activity throughout most of the brain and attenuating degenerative changes. This was the first study achieving widespread delivery of biochemically active TPP1 to the brain in a large animal model of late-infantile neuronal ceroid lipofuscinosis.
Australian Shepherd -Cln6
O'Brien and Katz were able to identify neuronal ceroid lipofuscinosis in Australian shepherd littermates in 2008. 22 Disease onset in the Australian shepherd tends to occur at approximately 18 months of age. Affected dogs display changes in behavior exhibited by extreme anxiety or nervousness. Loss of motor coordination is evident as the dogs display hypermetria, ataxia, and weakness. The dogs also show signs of hallucinations and vision loss. A massive amount of autofluorescent material is present in the cerebral cortex, cerebellum, and retinas, and diffuse brain atrophy occurs. 22, 23 Katz and colleagues 23 identified the cause of neuronal ceroid lipofuscinosis in Australian shepherds as a T>C transition resulting in a missense mutation in the Cln6 gene.
Although dogs have provided remarkable advancement in the understanding of Batten disease, they are not the only beneficial large animal model. Livestock models are valuable because of their production animal status, making them economical to breed and manage.
South Hampshire Sheep -Cln6
The first ovine model for neuronal ceroid lipofuscinosis was segregated in 1976 by Jolly and colleagues 4, 24 using South Hampshire sheep and has been maintained since. Sheep affected with ovine neuronal ceroid lipofuscinosis generally start showing symptoms at 9 months to 12 months of age, with death occurring around 24 months of age. Symptoms include brain atrophy, retinal degeneration, lipopigment accumulation, and tremors.
The strong synteny between South Hampshire ovine neuronal ceroid lipofuscinosis and CLN6 chromosomal regions identified by Broom and colleagues 25 strongly suggested that mutations in Cln6 cause the ovine disease. The suggestion of mutant Cln6 being the cause of South Hampshire ovine neuronal ceroid lipofuscinosis was confirmed through mRNA analysis by Tammen and colleagues 26 in 2006.
Merino Sheep -Cln6
The clinical, pathological, and biochemical symptoms of Merino sheep ovine neuronal ceroid lipofuscinosis was first characterized in 2002 by Cook and colleagues, 27 and an ovine neuronal ceroid lipofuscinosis flock has since been established. Signs of neurologic disease first develop around 8 months to 12 months and include decreased menace response and mild behavioral changes. Later in the disease pathology, blindness, motor deficits, and anorexia began to develop, with seizures occurring in the latest stages of the disease. Brain atrophy and storage bodies are also observed postmortem. Death generally occurs at 24 months to 26 months of age. 27 In 2006, Tammen and colleagues 26 were able to isolate a mutation in exon 5 of Cln6 as the cause of Merino ovine neuronal ceroid lipofuscinosis. The mutation is a frame-shift resulting in a premature stop codon in Cln6. 26 
Borderdale Sheep -Cln5
Neuronal ceroid lipofuscinosis was first described in the Borderdale sheep by Jolly and colleagues 28 in 2002, and later a colony was established. Symptoms of ovine neuronal ceroid lipofuscinosis in Borderdale sheep were described as vision loss and apparent deafness. The sheep also display fearlessness and difficulty in moving with the rest of the flock. Frugier and colleagues discovered a G>A substitution resulting in a premature stop codon in Cln5. 3
Swedish Landrace Sheep -Cathepsin D
In 1993, a flock of white Swedish Landrace sheep in Northern Sweden was observed to be affected by a congenital form of ovine neuronal ceroid lipofuscinosis. 30 The affected newborn lambs are weak and unable to support themselves when attempting to stand. Autopsy reveals severe brain atrophy, with the weight being about half of normal brains. The cerebrum and cerebellum are largely devoid of myelin. Autofluorescent material is seen in the cerebral cortex.
Tyynela and colleagues 31 isolated the cause of congenital ovine neuronal ceroid lipofuscinosis to be a G>A missense mutation in the cathepsin D gene. Affected sheep show a significant deficiency in cathepsin D enzymatic activity. 31 
Devon Cattle -Cln5
A small group of cattle from a herd in Australia were found to display pathology associated with neuronal ceroid lipofuscinosis. 32 Symptoms were observed in these cattle from 14 months of age. They showed loss of vision and tracking in a circular motion, often with mild torticollis. Histology findings showed retinal atrophy and accumulation of storage material. There was also accumulation of storage material in neurons.
In 2006, Houweling and colleagues 33 were able to identify the cause of neuronal ceroid lipofuscinosis in Devon cattle. 33 A single base duplication in exon 4 of bovine Cln5 causes a frame-shift mutation, resulting in a premature stop codon.
Conclusion
Large animal models can be highly instrumental for future Batten disease research. Dogs, sheep, cattle, and other large animal models share a close resemblance to the human pathology of neuronal ceroid lipofuscinosis due to patterns of neurodegeneration and motor skill deficiencies that are more similar than those seen in mouse models. Advances made in large animal models are likely to provide new avenues for discovering treatments for the human form of this disease.
